Naphthalene is a nasal carcinogen, inducing respiratory adenomas in male and olfactory neuroblastomas in female rats, respectively. The reasons for the site and sex-specific tumorigenic response are unknown. Naphthalene is bioactivated to electrophilic metabolites; cytotoxicity followed by regenerative cell proliferation is likely involved in the tumorigenic response. To examine sex differences in the acute nasal response to naphthalene, male and female F344 rats were nose-only exposed to 0, 1, 3, 10, or 30 ppm naphthalene vapor for 4 or 6 h. Following exposure, respiratory/transitional mucosa (RTM) and olfactory mucosa (OM) were isolated and analyzed for markers of oxidant/electrophilic stress and/or toxicity, including reduced/oxidized glutathione levels (GSH/GSSG), mRNA levels of electrophile-responsive genes, and epithelial cytoxicity (as measured by membrane permeability to ethidium homodimer-1). Naphthalene caused significant depletion of GSH in RTM and OM with no increase in GSSG. Cytotoxicity was apparent at concentrations of 15 and 30 ppm. No consistent sex differences were observed in these responses. Sex differences were observed in the induction of antielectrophilic genes in OM: glutamyl cysteine ligase (catalytic subunit) (Gclc), NADPH quinone oxidase 1 (Nqo1), and heme oxygenase 1 (Hmox1) were all induced to a greater extent in the male OM compared with the female. No consistent sex differences were observed in the RTM. Although the mechanism of the sex difference in the RTM adenoma response remains enigmatic, sex differences in the induction of antioxidant/electrophile-responsive genes may contribute to the heightened sensitivity of the female OM to the carcinogenic effects of naphthalene.
Naphthalene is a common polycyclic aromatic hydrocarbon pollutant that is ubiquitously present in urban air. Human exposure is common as indicated by the National Health and Nutrition Examination Survey which reported that naphthalene metabolites were present in the urine of all subjects that were tested (Li et al., 2008) .
At exposure concentrations of 10 ppm or higher, naphthalene causes nasal tumors in rats and bronchiolar tumors in mice (NTP, 1992 (NTP, , 2000 . The relevance of these responses to predicting human health effects resulting from exposures to low levels of naphthalene is poorly understood (Bogen, 2008; Bogen et al., 2008; Piccirillo et al., 2012) . A sex difference is apparent in the tumor response of the rat nose, with olfactory mucosal neuroblastomas being significantly increased in the female and respiratory mucosal adenomas being significantly increased in the male (NTP, 2000) . The mechanism(s) for the sex-and sitespecific (respiratory vs. olfactory mucosa (OM)) tumorigenicity of naphthalene are not known. The aim of the current study was to provide a detailed characterization of the initial nasal biochemical/molecular responses to naphthalene under the assumption that any site and/or sex differences in the initial response would provide valuable insight into potential mechanisms for the differential nasal tumorigenic responses to naphthalene. A more complete understanding of the mechanism(s) for these differences will lead to better evaluation of the human relevance of the rodent inhalation carcinogenicity data.
It has long been known that metabolic activation of naphthalene by cytochrome P450 mono-oxygenases is critical to its toxicity (Buckpitt et al., 1992) . The first step in activation of naphthalene is oxidation of naphthalene to the 1,2-epoxide which may subsequently be converted to 1,2-or 1,4-naphthoquinones . The epoxide can be detoxified via conjugation with reduced glutathione (GSH), which may deplete cellular GSH; naphthoquinones can redox cycle (Penning et al., 1999) , producing reactive oxidant species which may oxidize glutathione (to form glutathione disulfide-GSSG) and/or react with and oxidize protein thiols Kanekal et al., 1991; Spiess et al., 2010) . Although the precise mechanism of action is not known, active naphthalene metabolites result in cytotoxicity followed by regenerative cell proliferation (Genter et al., 2006; Van Winkle et al., 1995) . Regenerative cell proliferation is likely an important step in naphthalene tumorigenesis (Bogen, 2008; Bogen et al., 2008) .
Although naphthalene is cytotoxic to both the respiratory and olfactory mucosa, the latter is considerably more sensitive to naphthalene based on histopathological changes (Dodd et al., 2010) . Nasal olfactory, but not respiratory, epithelial necrosis is evident after 6-h exposure to 1 ppm naphthalene. At 10 ppm or 235 higher, naphthalene induces injury in both the respiratory and olfactory mucosa. The tissue sensitivity correlates with naphthalene activation capacity, the specific activity for naphthalene oxidation is several-fold higher in olfactory than respiratory mucosa (Buckpitt et al., 2013) . No sex difference is apparent in the nasal cytotoxic effects of naphthalene (Dodd et al., 2010 ).
There appears to be no sex difference in nasal dosimetry or metabolism of inhaled naphthalene (Morris & Buckpitt, 2009 ). This raises the possibility that the sex difference in naphthaleneinduced nasal injury may be due, in part, to differences in naphthalene detoxification/protection responses. Any differences in these pathways between respiratory and olfactory mucosa might also contribute to the site-specificity as well. The primary mechanism of naphthalene detoxification is likely via conjugation of reactive metabolites with GSH to form a non-toxic conjugate. Although it is thought that naphthalene depletes nasal GSH (Phimister et al., 2004) , detailed information on nasal GSH depletion in nasal olfactory versus respiratory mucosa in male and female rats is unavailable. Metabolic conversion of naphthalene to a quinone which is capable of redox cycling, may lead to the production of excess amounts of GSSG, producing an alteration in cellular redox status; no information on sexor site-differences in this response is available. In response to electrophilic/oxidative stress, mammalian cells mount an antioxidant defense response. An important pathway for this response is activation of the cytoplasmic transcription factor, nuclear factor (erythroid-derived 2)-like 2 (Nrf2). Nrf2 is normally sequestered in the cytoplasm, however, upon electrophilic stress, it translocates to the nucleus and binds the antioxidant response element (ARE), which leads to induction of downstream genes. Examples of these genes include NAD(P)H:quinone oxidoreductase (Nqo1), gamma-glutamylcysteine ligase (Gcl), including the catalytic subunit (Gclc) and modulatory subunit (Gclm) and heme oxygenase-1 (Hmox1). Thus, induction of these genes can be used as a biomarker for cellular oxidative stress (Bataille & Manautou, 2012) . Moreover, cellular induction of these genes, especially Gclc which codes for the catalytic subunit of the protein that is responsible for the rate limiting step of glutathione biosynthesis, may be important for detoxification of naphthalene.
The current study examined the hypothesis that site-and sexspecific differences in the initial oxidant/electrophilic stress responses in nasal epithelium correlate with site-and sexspecific toxicity of this vapor. Reduced and oxidized glutathione (GSH/GSSG) levels were measured in microdissected nasal respiratory and olfactory mucosa of male and female rats exposed to naphthalene vapor (1, 3, 10, or 30 ppm) for 4 or 6 h to examine the extent and rate at which GSH is depleted during acute naphthalene exposures. Animals exposed for 6 h were also analyzed for expression of three Nrf2-responsive genes (Nqo1, Gclc, and Hmox1); both mRNA (qRT-PCR) and protein (immunohistochemistry) levels were examined for Gclc and GCL, respectively, as glutathione is a critical contributor to naphthalene detoxification. Finally, naphthalene-induced cytotoxicity immediately after 6 h of exposure was examined to better understand the biochemical/molecular response patterns that were observed.
MATERIALS AND METHODS
Experimental approach. Because a sex difference is apparent in the nasal tumor response, studies were performed in both male and female rats. Male and female rats were exposed to 1-30 ppm naphthalene for 4 or 6 h. In the rat, concentrations of 10 ppm or higher are carcinogenic (NTP, 2000) . Immediately after exposure, tissues were collected for GSH/GSSG evaluation, analysis for mRNA levels of three ARE-dependent genes: Gclc, Nqo1, and Hmox1, assessment of GCL expression by immunohistochemistry, and assessment of membrane permeability (an indirect measure of cytotoxicity) using ethidium homodimer-1. This dye has been used for assessment of lower airway cytotoxicity (Van Winkle et al., 1999) but to date has not been utilized to examine upper airway cytotoxicity.
Animals and reagents. F344 rats (VAF/Plus Crl:CDBR) were obtained from Charles River Laboratories (Wilmington, MA) and were acclimatized for at least 1 week prior to use. Animals were housed in AAALAC approved facilities under standard conditions (22-25
• C with a 12 h light-dark cycle. Food (Lab Diet, PMI Nutrition International, Brentwood, MO) and tap water were provided ad libitum. At the time of study rats were 3-6 months of age, body weights averaged 210 g in male and 150 g in female rats, respectively. Naphthalene (>99% purity) and ethidium homodimer-1 were obtained from SigmaAldrich (St. Louis, MO) and Invitrogen (Carlsbad, CA), respectively. All other reagents were the highest purity available and were obtained from local suppliers.
Naphthalene exposure generation and analytical techniques. Naphthalene was generated by passing clean air over naphthalene crystals with subsequent dilution with clean, filtered air. Airborne concentrations were measured with a Varian 3600 gas chromatograph (Varian, SugarLand, TX) equipped with a gas sampling valve. The valve injects air samples onto the column every three minutes to provide continuous discrete sampling. A 15M DB-WAX megabore column was used with a column temperature of 130
• C and flame ionization detection. Airborne concentrations were calculated from peak areas based on standard curves which were prepared by adding known amounts of naphthalene to glass bottles, allowing >1 h for evaporation and sampling of the air with the same sample train as used for chamber air measurements.
In vivo exposure and tissue collection. Animals were exposed to airborne naphthalene at target concentrations of 0 (control), 1, 3, 10, and 30 ppm via nose-only inhalation for 4 or 6 h. Immediately following exposure, urethane was injected (1.3 g/kg, ip) to produce anesthesia. Rats were then killed via exsanguination by cutting the abdominal vena cava. For tissue collection, the head was removed and split sagitally to reveal the nasal septum. The respiratory/transitional mucosa (RTM) and olfactory mucosa (OM) of the septum can be easily differentiated by color. These tissues were collected separately and immediately placed in 200 l of 5mM DPTA/500mM perchloric acid, mixed on a vortex mixer, and then frozen at −80
• C for future GSH/GSSG analysis. Septal tissues were collected because this area of the nose is easily visualized and is known to be a site of inhaled naphthalene-induced injury (Lee et al., 2005) . Cytotoxicity and tissue localization of GCL were assessed in a separate group of animals using histochemical techniques. For this study, animals were exposed to 0, 15, or 30 ppm naphthalene for 6 h. Immediately following exposure, the nose of urethane-anesthetized rats was lavaged with ethidium homodimer-1 (2M in 37
• C warm F12 media) via insertion of an endotracheal tube. The lavage fluid was left in place for a 15 min incubation period and was then removed with three lavages of warm Ham's F12 media. Nasal tissues were then fixed via flushing the nares with 4% paraformaldehyde. Tissues were stored in fixative until used.
Quantitative reverse transcriptase polymerase chain reaction. Immediately following euthanasia, septal olfactory and respiratory tissues were snap-frozen in liquid nitrogen and stored at −80
• C until further use. Samples were thawed on ice and RNA was extracted using RNeasy mini kits (Qiagen, Valencia, CA) and a total of 1 g of RNA was used to generate cDNA using an iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA) according to manufacturers' protocols. cDNA was then subjected to qRTPCR on an ABI 7500 Fast qPCR machine (Applied Biosystems, Foster City, CA) using TaqMan probes in a 10 l reaction volume. A list of probes used, along with their NCBI reference number is listed in Table 1 . Expression of all target genes was normalized to beta actin expression. Results are represented as the fold change in induction of target genes compared with air-exposed male control animals (2 − CT method; Livak and Schmittgen, 2001) .
Histochemistry. For ethidium homodimer-1 quantification as well as immunohistochemistry of GCL, paraformaldehyde fixed tissue was decalcified using ImmunoCal (Decal Chemical Corporation, Tallman, NY) following manufacturer's instructions and embedded in paraffin for permeable cell localization using the landmarks and methods described in Harkema et al. (2010) . Transverse tissue blocks at four specific anatomic locations T1-T4 were taken. The mass of cytotoxic (ethidiumpermeable) epithelial nuclei was analyzed using stereology as previously discussed in detail (Hyde et al. 1990 ) using 4-m paraffin sections. Morphometric analyses were performed using a 135-point cycloid grid overlay with an automated software package for counting points and intercepts within the grid (Stereology Toolbox; Morphometrix, Davis, CA). The percent volume density (the proportion of the total epithelial volume), V v , of the ethidium-positive fraction was determined by point counting and calculated using the following formula:
where P p is the point fraction of P n , the number of test points hitting the structure of interest (e.g., ethidium-positive nuclei), divided by P t , the total number of points hitting the reference space (i.e., epithelium). The volume per unit basal lamina length (m 3 /m 2 ; S v ) was determined by point-(epithelial component) and intercept-(basal lamina) counting and was calculated using the following formula:
where I o is the number of cycloid intercepts with the object (basal lamina), and L ␥ is the length of the test line in the reference volume (epithelium within the test grid). All data is reported as V s mass (m 3 /m 2 ) of ethidium-positive epithelium per length of basement membrane. For immunohistochemistry, paraffin sections on poly-l-lysine coated slides from all groups were stained simultaneously to minimize variability between runs and were immunostained for rabbit anti-GCL (ThermoScientific, Fremont, CA) at 1:300. The concentration of primary antibody was determined through a series of dilutions to optimize for staining density whereas minimizing background. This procedure was performed according to previously described methods (Van Winkle et al., 1996 with several alterations. Following tissue hydration, endogenous peroxidase activity was quenched with a 10% solution of hydrogen peroxide. To eliminate nonspecific primary antibody binding, tissue sections were blocked with 5% albumin. Primary antibodies were allowed to incubate in a humidified chamber overnight at 4
• C. Signal was amplified using the Vectastain IgG Avidin-Biotin-HRP Kit (Vector Labs, Burlingame, CA), and visualized using nickel chloride enhanced 3,3 -diaminobenzidine tetrachloride (Vector Labs) as the chromagen. Controls included substitution of primary antibody with phosphate-buffered saline to ensure specific positive staining.
GSH/GSSG analysis. Lavage and tissue samples were thawed on ice and then analyzed for GSH/GSSG by highperformance liquid chromatography (HPLC) with electrochemical detection (Lakritz et al., 1997) , with modifications. Briefly, tissue homogenates were acidified via homogenization in 5mM diethylene triamine pentaacetic acid/500mM methanesulfonic acid, centrifuged at 14,000 × g for 10 min at 4
• C, and GSH and GSSG levels were measured in the supernatant by reverse-phase HPLC with detection using a ThermoScientific 5040 borondoped diamond electrode at 1400 millivolts. The pellets were dissolved in 2N sodium hydroxide and analyzed for protein content by the method of Lowry using bovine serum albumin (BSA) as a standard. Data are expressed as % of control calculated from nmol/mg protein.
Statistical analysis. Data are presented as mean ± SE unless otherwise indicated. For all analyses, data were normalized to male control values. Data were analyzed by two-factor ANOVA followed by Newman-Keuls post hoc test (XLStat, Addinsoft, New York, NY). A p < 0.05 was required for statistical significance.
RESULTS
Exposure to 1, 3, 10, or 30 ppm naphthalene for 4 h resulted in a significant decrease in GSH levels in both the RTM and OM (Fig. 1) . At concentrations as low as 1 ppm, GSH levels were significantly lower than control in both RTM and OM of both male and female rats. There was greater GSH loss in the RTM compared with the OM homogenates with GSH depleted to ∼30% of control in RTM compared with ∼60% of control in OM. No consistent sex differences were observed in either tissue. At 1 ppm, GSH appeared to be depleted to a greater extent in the female RTE than male, but the difference was not statistically different. In OM, GSH was depleted to a greater degree in the female than male (p < 0.05), but this was not a consistent finding. Basal (control) GSH levels in RTM of males and females were similar. In OM, basal GSH was slightly higher in males than females (100 ± 8% vs. 86 ± 3%, respectively; mean ± SEM); this is likely not a physiologically meaningful difference. No GSSG accumulation was observed in either tissue of either sex. GSSG averaged ≤4% of total glutathione at all concentrations of naphthalene studied; therefore there was no evidence of overwhelming oxidative stress following exposure to naphthalene.
The GSH response after 6 h exposure to 1, 3, 10, or 30 ppm naphthalene (Fig. 2) was similar to that after 4 h exposure. In RTM, GSH was depleted to ∼30% of control levels at all exposure concentrations with no sex difference being apparent. In OM, GSH was diminished to ∼60% of control levels with no consistent sex difference being observed. Basal (control) GSH levels were ∼2-fold higher in 4 h-exposed animals than 6 hexposed animals. Experiments were performed on different cohorts of animals at different times of the year, however, the reasons for this difference are unclear. As observed following FIG. 1. GSH levels (expressed as percent of male control) in RTM (A) and OM (B) of male (filled bars) and female (open bars) rats exposed to 0 (control), 1, 3, 10, or 30 ppm naphthalene for 4 h. Data are expressed as mean ± SE (n = 6/group). Data were analyzed by ANOVA followed by Newman-Keuls post hoc test; * indicates p < 0.05 compared with control, # indicates p < 0.05 compared with males within the same exposure group. Measured exposure concentrations were 1.34 ± 0.16, 3.70 ± 0.26, 11.6 ± 0.4, and 31.4 ± 0.4 ppm (mean ± SD; n = 12/group) in the 1, 3, 10, and 30 ppm exposure groups, respectively. Control RTM levels of GSH averaged 9.0 ± 0.8 and 8.9 ± 0.9 nmol/mg protein in females and males, respectively (mean ± SE). Control OM levels of GSH averaged 8.7 ± 0.3 and 10.0 ± 0.8 nmol/mg protein in females and males, respectively (mean ± SEM).
FIG. 2. GSH levels (expressed as percent of male control) in RTM (A) and OM (B) of male (filled bars)
and female (open bars) rats exposed to 0 (control), 1, 3, 10, or 30 ppm naphthalene for 6 h. Data are expressed as mean ± SE (n = 6/group). Data were analyzed by ANOVA followed by Newman-Keuls post hoc test; * indicates p < 0.05 compared with control, # indicates p < 0.05 compared with males within the same exposure group. Measured exposure concentrations were 1.40 ± 0.02, 3.18 ± 0.04, 10.6 ± 0.1, and 29.8 ± 0.2 ppm (mean ± SD; n = 12/group) in the 1,3, 10, and 30 ppm exposure groups, respectively. Control RTM levels of GSH averaged 5.0 ± 0.4 and 4.7 ± 0.3 nmol/mg protein in females and males, respectively (mean ± SE). Control OM levels of GSH averaged 5.8 ± 0.3 and 6.0 ± 0.4 nmol/mg protein in females and males, respectively (mean ± SE).
Ethidium homodimer-1 staining is evident in both male and female rats in both the RTM and OM after 15 or 30 ppm naphthalene exposure indicating that the level of naphthalene is cytotoxic (Fig. 3a-c) . The staining appeared to be primarily epithelial rather than submucosal. Quantitative histopathology indicated no statistical sex differences were apparent in either tissue (Fig. 3d) . The degree of membrane permeability is no greater at 30 than 15 ppm, indicating that there is no dose-dependent increase in cytotoxicity at these higher concentrations. That ethidium homodimer-1 staining, indicative of increased membrane permeability, was observed after 15 or 30 ppm exposure suggests that overt cytotoxicity and leakage of GSH may contribute to the depletion of GSH that was observed in rats exposed to these concentrations. Multiple ARE-dependent antioxidant genes are induced in RTM after 1, 3, 10, or 30 ppm naphthalene exposure for 6 h (Fig. 4) , but with differing concentration-response patterns. In the RTM, Gclc was increased ∼6-fold at all exposure concentrations with no sex difference being apparent. Nqo1 was significantly induced (∼4-fold) after 3 or 10 ppm naphthalene exposure in male rat RTM, but was not significantly increased in the female. Nqo1 induction was not observed after 30 ppm exposure, perhaps due to cytotoxicity. Hmox1 was induced as much as 180-fold by naphthalene exposure. At 1 ppm, a greater induction was observed in the female than male RTM, however, the reverse was observed after 3 or 10 ppm. Hmox1 was not induced after 30 ppm exposure, perhaps due to cytotoxicity. Thus, at least with respect to Nqo1 and Hmox1, the degree of induction in the RTM appears to be greater in male than female at concentrations of 3-10 ppm.
ARE-dependent antioxidant gene induction in the OM was more robust in the male than female (Fig. 5 ) after a 6-h exposure to 1, 3, 10, or 30 ppm naphthalene. Gclc was induced ∼15-fold in OM of the male rat following 1, 3, or 10 ppm naphthalene, whereas a significant induction was not seen in the female. No induction was observed in either sex following 30 ppm exposure, perhaps due to cytotoxicity. Nqo1 was significantly induced in OM only after exposure to 3 ppm naphtha-
FIG. 4.
Gene expression in RTM of Gclc (A), Nqo1 (B), and Hmox1 (C) in male (filled bars) and female (open bars) rats exposed to 0 (control), 1, 3, 10, or 30 ppm naphthalene for 6 h. Data are normalized to male control values and expressed as mean ± SE (n = 5-6/group). Data were analyzed by ANOVA followed by Newman-Keuls post hoc test; * indicates p < 0.05 compared with control, # indicates p < 0.05 compared with males within the same exposure group. Measured exposure concentrations were 1.27 ± 0.03, 3.82 ± 0.44, 10.5 ± 0.4, and 31.8 ± 0.6 (mean ± SD; n = 12/group) in the 1, 3, 10, and 30 ppm exposure groups, respectively. lene, with the response being much greater in the male than female. Concentration-dependent induction of Hmox1 was observed throughout the full range of exposure concentrations, with the response being greater in the male than female.
GSH conjugation with naphthalene metabolites is thought to be a critical detoxification pathway Phimister et al., 2004; Piccirillo et al., 2012) . In this respect, a (Fig. 4A) , Nqo1 (Fig. 4B) , and Hmox1 (Fig. 4C ) in male (filled bars) and female (open bars) rats exposed to 0 (control), 1, 3, 10, or 30 ppm naphthalene for 6 h. Data are normalized to male control values and expressed as mean ± SE (n = 5-6/group). Data were analyzed by ANOVA followed by Newman-Keuls post hoc test; * indicates p < 0.05 compared with control, # indicates p < 0.05 compared with males within the same exposure group. Measured exposure concentrations were 1.27 ± 0.03, 3.82 ± 0.44, 10.5 ± 0.4, and 31.8 ± 0.6 (mean ± SD; n = 12/group) in the 1, 3, 10, and 30 ppm exposure groups, respectively. naphthalene-dependent induction of GCL, the rate limiting enzyme in GSH biosynthesis may represent an important response. We therefore examined GCL protein levels and localization by IHC. Shown in Figure 6 is the IHC assessment of GCL protein in control and 15 ppm naphthalene exposed male and female rats. The induction of GCL was apparent in both the olfactory and respiratory sections of the nasal tissues. Interestingly, the greatest degree of induction appears to be in submucosal rather than epithelial cells in both RTM and OM. A response was observed in OM despite the apparent cytotoxicity and cellular disruption in the epithelium.
FIG. 5. Gene expression in OM of Gclc

DISCUSSION
Inhalation exposure of the F344 rat to naphthalene at concentrations of 1 ppm or greater for 1, 5, or 90 days results in marked injury to the nasal mucosa (Dodd et al., 2010 (Dodd et al., , 2012 . The toxicity is characterized by necrosis and inflammation of the nasal respiratory/transitional epithelium and degeneration of the olfactory epithelium. In the current study, significant epithelial cytotoxicity was documented by the ethidium homodimer-1 technique in RTM and OM following a 6-h exposure to 15 or 30 ppm naphthalene. The concordance of this result with the previously published histopathological studies serves to validate the use of this fluorescent dye for the quantitative assessment of nasal airway cytotoxicity. The ethidium homodimer-1 technique has previously been validated for the lower airways (Van Winkle et al., 1999) and, therefore, appears suitable for quantitative assessment of cytotoxicity throughout the entire respiratory tract. Because we only examined high concentrations of naphthalene in the ethidium homodimer-1 study, we cannot draw conclusions on the sensitivity of either the RTM or OM of either sex to lower concentrations of naphthalene. However, by documenting epithelial cytotoxicity in rats, particularly at 30 ppm, the current results indicate that measures of GSH or antioxidant gene induction may be confounded in these exposure groups by a cytotoxic response.
Loss of GSH in RTM and OM of both male and female rats occurred after exposure to naphthalene concentrations as low as 1 ppm (Figs. 1 and 2 ). Similar degrees of GSH depletion were observed at 4 or 6 h, suggesting that GSH levels are in steady state and, therefore, that GSH levels reflect the balance of GSH consumption (via conjugation with naphthalene metabolites) with GSH regeneration. This highlights the importance of GSH regeneration capacity in influencing nasal GSH levels, even during acute exposure. Increases in GSSG levels were not observed in either tissue site of either sex, suggesting an absence of overwhelming redox cycling of naphthoquinones (Penning et al., 1999; Piccirillo et al., 2012; Spiess et al., 2010) . Importantly, no consistent, statistically significant sex differences in GSH or GSSG were observed in either tissue site.
In both sexes in our in vivo study, a greater degree of GSH loss was apparent in RTM compared with OM, especially at lower naphthalene concentrations. OM has more oxidative metabolic capacity than RTM, as assessed in vitro (Buckpitt et al., , 2013 . Many factors may contribute to the apparent discordance of in vitro and in vivo findings. The OM receives a lower delivered dose of inhaled naphthalene as only 15% of the inhaled airstream passes over the OM (Andersen et al., 1999; Campbell et al., 2014; Morris & Buckpitt, 2009) . Tissue homogenate dilution with nontarget cell types may be also important. Naphthalene induces epithelial necrosis in the rat nose (Dodd et al., 2010 (Dodd et al., , 2012 Figs. 3 and 6) ; however, our mucosal tissue collection involves both the epithelium and submucosa. If the proportion of submucosa to epithelium is greater in the OM compared with RTM, then the amount of GSH loss in the olfactory epithelium may be obscured by the lack of GSH loss in the olfactory submucosal tissue. Alternatively, it is possible that OM regenerates GSH more quickly than RTM, or that the OM cannot effectively conjugate electrophilic naphthalene metabolites with GSH. Either possibility would lead to a diminished GSH depletion in OM compared with RTM. Further studies will be needed to address these issues.
Our findings of ARE-mediated gene induction in the RTM and OM in vivo suggest that this important antioxidant response pathway is active in the nose. To our knowledge, there has been no previous report of Gclc, Nqo1, or Hmox1 mRNA induction in either tissue site in vivo following acute inhalation exposure to any pollutant. Induction of these genes provides evidence that oxidative/electrophilic stress is likely occurring during naphthalene exposure (Bataille and Manautou, 2012) . Naphthalene metabolites are soft electrophiles and can bind to thiols (Isbell et al., 2005; Pham et al., 2012; Spiess et al., 2010) , and therefore may modify critical cysteine residues on KEAP1, which is a hypothesized mode of action for Nrf2 translocation to the nucleus and subsequent action of the ARE (Itoh et al., 1999; Levonen et al., 2004) . Gclc, Nqo1, and Hmox1 are regulated, at least in part, by the Nrf2-ARE pathway (Bataille and Manautou, 2012; Klaassen and Reisman, 2011) . We did not examine Nrf2 translocation to the nucleus. It is possible that these target genes are being regulated independently from the Nrf2-ARE pathway. For instance, the aryl hydrocarbon receptor (AhR) can bind to the xenobiotic response element (XRE) and cause Nrf2-independent induction of Nqo1 (Korashy and El-Kadi, 2006) . However, studies in AhR, Nrf2, or AhR-Nrf2 double knockout mice suggest that the AhR is mainly responsible for basal expression of Nqo1, whereas Nrf2 is primarily responsible for the inducibility of this gene (Korashy & El-Kadi, 2006; Noda et al., 2003; Zhu et al., 2005) . Moreover, naphthalene fails to induce the AhR in an in vitro luciferase reporter assay using Hepa-1 cells (Genter et al., 2006) . Therefore, although we cannot conclude that Nrf2-ARE responses are solely responsible for the induction these oxidative/electrophilic stress-responsive genes in the F344 rat nose following naphthalene exposure, involvement of this pathway is likely, especially because naphthalene caused GSH depletion at all concentrations at which gene induction was observed.
FIG. 6.
Immunohistochemistry of GCL in controls (left column) and 15 ppm exposed (right column) nasal epithelium of (A and B) male RTM, (C and D) female RTM, (E and F) male OM, and (G and H) female OM. The greatest degree of induction appears to be in submucosal, rather than epithelial cells, in both RTM and OM. A response was observed in OM despite the apparent cytotoxicity and cellular disruption in the epithelium.
NQO1 is an important enzyme for detoxification pathways of reactive quinones (Dinkova-kostova & Talalay, 2010) . HMOX1 catalyzes the rate limiting step in heme catabolism and is also widely accepted as being cytoprotective against a variety of stressors, including electrophiles (Alam et al., 2004) . GCL is the rate limiting enzyme in GSH biosynthesis. Thus, all three genes would be anticipated to be protective against oxidant/electrophilic stress. We did not observe basal sex differences in the mRNA levels of antioxidant genes (Figs. 4 and  5) . Based on microarray analysis of the RTM and OM of male and female Sprague Dawley rats, Roberts et al. reported that little sex differences exist in basal gene expression (Roberts et al., 2007) . However, differential induction of these genes could occur as a result of naphthalene exposure. In RTM, all three genes were induced by naphthalene, with no sex difference being apparent in Gclc, but an enhanced induction in male rats of Nqo1 and Hmox1, particularly at the carcinogenic concentration of 10 ppm. In general, less expression of these enzymes was seen at 30 than 10 ppm or lower, an observation likely due to overt cytotoxicity. Respiratory adenomas are increased in male, but not female rats exposed to naphthalene. It is suggested that antioxidants may afford a protective role to cancerous cells; the dysregulation of antioxidant defenses in malignant cancer cells has been well documented (Gorrini et al., 2013; Kansanen et al., 2013; Saeidnia & Abdollahi, 2013) . However, induction of Nrf2 in noncancerous cells is proposed to be suppress tumor formation, whereas induction in malignant cells is associated with tumor progression (Kansanen et al., 2013) . Therefore, the basis for the sex difference in naphthalene-induced respiratory adenomas remains enigmatic.
Clear sex differences in antioxidant gene induction were observed in OM, with enhanced induction of all three genes being observed in the male compared with female rat. The Gclc response was particularly striking, with ∼15-fold or greater induction in the male compared with ∼5-fold (and nonstatistically significant) induction in the female. Because GSHdetoxification of naphthalene is an important determinant of naphthalene toxicity (Phimister et al., 2004) , we investigated this response further and confirmed the gene induction response at the protein level by immunohistochemistry. Tissue GSH levels during naphthalene exposure reflect the balance between GSH consumption via conjugation with naphthalene metabolites and GSH regeneration. Induction of GCL during acute exposure in OM (as well as RTM), indicates that enhanced GSH regeneration capacity occurs quickly during naphthalene exposure, and no doubt influences the degree of GSH depletion that occurs. Interestingly, we observe GCL induction in tissue compartments that are not susceptible to naphthalene-induced cytotoxicity. Therefore, the induction and localization of GCL in submucosal tissue may reflect an important role for submucosal antioxidant defenses in regulating regenerative cell proliferation and tumor formation in the epithelium.
The sex difference in GCL induction may be important in nasal responses to naphthalene. GCL (and maintenance of the cellular GSH pool) is proposed to be important to the development of airway tolerance to naphthalene (Sutherland et al., 2012; West et al., 2000 West et al., , 2002 . Furthermore, a similar trend (whereby females induce GCL to a lesser extent than males after repeated naphthalene exposure) is observed in murine lower airways (Sutherland et al., 2012) . It is therefore possible that the induction of Gclc and GCL that we observe in this study may contribute to a generalized airway sensitivity of female rodents to naphthalene-induced injury. There is no sex difference in the cytotoxic or GSH response of OM to naphthalene (Dodd et al., 2010 (Dodd et al., , 2012  Figs. 1 and 2) , suggesting that sex differences in Gclc induction do not translate to differences in cytotoxicity or GSH status following an acute exposure. The metabolism of naphthalene is quite complex. GSH detoxification may diminish the formation of downstream metabolites of naphthalene that are potentially genotoxic (Piccirillo et al., 2012) . A diminished GSH adaptive response in the female rat may lead to enhanced formation of genotoxic metabolite(s) in the OM of this sex. Olfactory neuroblastomas are significantly increased following chronic inhalation of naphthalene in female, but not male rats (NTP, 2000) . Although speculative, sex differences in the Nrf2-ARE antioxidant response to naphthalene may contribute to the sex difference in the carcinogenic response.
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